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An immunosuppressive tumor microenvironment is a cancer hallmark and a major impediment to successful immuno- 
therapy. We engineered hematopoietic progenitors to target expression of an interferon-a (IFNa) transgene specifically 
to their monocytic progeny, including tumor-infiltrating macrophages. Mice chimeric for these IFNct-expressing macro- 
phages showed activation of innate and adaptive immune cells against breast cancer and inhibited disease progression. 



Introduction 

One area of cancer biology that shows 
promise in the identification of new 
therapeutic targets is the tumor micro- 
environment. By fostering tumor growth 
and progression, supporting angiogen- 
esis and tissue remodelling, as well as 
by counteracting host immunity, the 
tumor microenvironment, including 
tumor-associated macrophages, plays an 
important role in modulating tumor pro- 
gression and response to therapies. We 
recently identified and characterized a 
specific subpopulation of protumor mac- 
rophages characterized by the expression 
of the angiopoietin receptor TIE2. 1 These 
TIE2-expressing monocytes /macrophages 
(TEMs) are endowed with proangiogenic 
and immunosuppressive activities. 1 " 3 As 
a strategy aimed at reversing the immu- 
nosuppressive microenvironment, we 
exploited the tumor homing ability of 
TEMs and the upregulated expression 
of TIE2 in these cells to turn them into 
vehicles for interferon-a (IFNa) gene 
therapy. Type I interferons (IFNs) are 
pleiotropic cytokines involved in innate 



and adaptive immunity that have been 
shown to promote antitumor immune 
responses. 4 However, clinical use of IFNa 
has since declined because of the substan- 
tial toxicity associated with its systemic 
administration and the limited efficacy 
at the maximal tolerated doses, thus call- 
ing for safer and more effective delivery 
strategies. We engineered hematopoietic 
stem/progenitor cells (HSPCs) to express 
an IFNa transgene under the control of 
the Tie2 promoter. Circulating TEMs 
express low levels of Tie2, which is, how- 
ever, rapidly upregulated as they reach the 
tumor site. Whereas the tumor tropism of 
TEMs should allow effective delivery of 
IFNa to the tumor, the selective expres- 
sion of the transgene should ensure low 
systemic exposure and, thus, toxicity. In 
a mouse model of breast cancer, our cell- 
and gene-based IFNa delivery strategy 
strongly inhibited primary tumors and 
lung metastasis by inducing the recruit- 
ment and activation of both innate and 
adaptive immune cells with no evident 
signs of toxicity. 5 

In an effort to bring our strategy to 
clinical testing, we recently developed a 



humanized vector expressing a human 
IFNa. gene and studied the feasibility and 
safety of engineering human HSPC for its 
expression in their TEM progeny. Since 
the TIE2 promoter is also expressed in the 
most primitive HSPC and chronic expo- 
sure to IFNa can cause myelo-thrombocy- 
topenia and long-term HSPC exhaustion, 6 
we implemented our vector with tran- 
scriptional and posttranscriptional regu- 
lation mediated by the TIE2 enhancer/ 
promoter and miR126/130a target 
sequences (miRT), respectively. By virtue 
of this bimodal strategy, we rendered our 
vector susceptible to the negative regula- 
tion of microRNA 126 and 130a, which 
are expressed in HSPC but not in mature 
blood cells. Using a GFP reporter cassette 
we demonstrated the selective expression 
of our new vector design in the myeloid 
progeny of lentiviral transduced human 
HSPC transplanted in immunodeficient 
NOD-SCID-IL2RV-'- (NSG) mice and 
confirmed effective microRNA-mediated 
suppression of transgene expression in the 
most primitive HSPC compartment. By 
monitoring NSG mice transplanted with 
HSPC transduced with TIE2-IFN-miRT 
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Figure 1. Experimental approach to assess the efficacy of our tumor-targeted IFNa gene-delivery strategy by tumor-infiltrating macrophages. 
Breakdown of steps involved in testing the efficacy of using TIE2-expressing macrophages to deliver interferon-a (IFNa) to the tumor to elicit local anti- 
cancer immune responses. 1 ' 3 Cord blood derived human hematopoietic stem/progenitor cells (HS/PC) are transduced with the TIE2-IFN-mirT lentiviral 
vector (LV) and infused in sublethally irradiated immunodeficient NOD-SCID-IL2Rg (NSG) mice. 4 Upon human hematopoietic cell reconstitution, only 
the monocytes/macrophages progeny derived from transduced HS/PC express the IFNa gene. 5 Reconstituted mice are orthotopically injected with 
MDA3 breast cancer cells engineered to release human granulocyte macrophage-colony stimulating factor (GM-CSF) and IL7, 1 LI 5 cytokines, which are 
required to foster the functional development of human T-, NK-, and antigen presenting cells. 6 Local delivery of IFNa by tumor-infiltrating monocytes/ 
macrophages results in local activation of a type I IFN response and prompts the immune-mediated inhibition of tumor growth. Direct effects of IFNa 
on tumor cells (i.e., increased immunogenicity, induction of tumor cell apoptosis) and indirect effects on immune cells (i.e., enhanced N K and T cell cyto- 
toxicity and enhanced cross-presentation ability of dendritic cells) may contribute to the induction of an antitumor response. 



lentiviral construct (TIE2-IFN-miRT 
mice) we showed no evident abnormalities 
of reconstituted human hematopoiesis. 
More stringent safety studies performed 
in immune-competent mice using the 
mouse Ifna gene also showed that our 
improved vector design could alleviate 
some of the effects of IFNa exposure on 
dormant HSPC (i.e., IFN-mediated cell 
cycle activation). Importantly, and in 
contrast to previous studies of increased 
exposure to IFNa (6~), HSPC derived 
from TIE2-IFN-miRT mice did not 



exhaust upon transplantation into second- 
ary recipients, thus indicating stringent 
containment of IFNa expression with 
our improved vector design. To dem- 
onstrate the efficacy of our strategy, we 
challenged human hematochimeric NSG 
mice with the human MDA-MB 231 
breast tumor cell line modified to release 
human granulocyte macrophage-colony 
stimulating factor (GM-CSF) and IL7, 
IL15 cytokines required for the functional 
reconstitution of the human T-, natural 
killer (NK-), and antigen presenting cell 



compartments, which are otherwise lim- 
ited in NSG mice. Strikingly, we found 
enhanced immune-mediated clearance of 
transplanted tumors in the TIE2-IFN- 
miRT group likely mediated by allore- 
active human T cells developed in the 
mouse thymus — and thus tolerant to host 
tissues — as well as by the expanded NK 
cells. Such effective immune reaction was 
associated with local activation of a type 
I IFN response in the tumor, which in 
turn may have enhanced NK cell cyto- 
toxicity and dendritic cell cross-priming 
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ability resulting in more effective induc- 
tion of T-cell responses (Fig. 1). When we 
applied our strategy to a syngeneic murine 
polyoma middle T (PyMT) breast cancer 
model and an experimental metastases 
model, we also observed enhanced gen- 
eration of effector memory T cells and 
their recruitment to the neoplastic lesions 
that suppressed tumor growth and disease 
progression. 

Our findings provide preclinical data 
supporting the feasibility and efficacy 
of engineering human hematopoiesis for 
tumor-targeted IFNa gene delivery by 
monocytes /macrophages. Recent stud- 
ies have shown that tumor-infiltrating 
TEMs exert immunosuppressive and pro- 
angiogenic activity in human breast can- 
cer and have implicated IFNa signaling 
to host immune cells as a key suppressor 
mechanism of bone metastases originat- 
ing from primary breast tumors. 7,8 These 
results, together with our own, could 
revive interest in testing autologous HSPC 
transplantation in advanced breast cancer 
patients with the aim to effectively repro- 
gram the tumor microenvironment and 
counteract the protumor activity of this 
endogenous population. Importantly as 
we showed therapeutic efficacy at low chi- 
merism of transduced cells, we envisage 
genetic modification of only a fraction of 
HSPC to limit potential IFNa exposure 
and toxicity. Moreover our strategy could 



be tested in the treatment of hematopoi- 
etic malignancies, for which autologous 
transplantation is routinely used as stan- 
dard treatment, and, for which IFNa 
has proven some anticancer efficacy in 
previous studies. 9 If demonstrated to be 
safe and effective in humans, our strategy 
could also be combined with other immu- 
notherapies, as also suggested by recent 
works, 10 with the aim to create a synergy 
in eliciting powerful immune responses 
against established malignancies. 
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